The level of detail (LoD) concept in CityGML (City Geography Markup Language), which indicates how closely the model mirrors its real-world counterpart, has been accepted and applied widely in various applications, including the 3D modeling of buildings. However, with an increasing number of human activities occurring in the indoor environment, the standardized LoD definition appears to be insufficient because of its narrow classifications for interior features, which can be presented only in LoD4. In view of this drawback, an extended indoor LoD (ILoD) specification is proposed, particularly for indoor spaces, allowing the existing LoD to become a more precise outdoor LoD (OLoD) by exploiting the advantages of two other international standards: Industry foundation classes (IFC) and IndoorGML. In this paper, the interior space is divided into distinct systems of three semantic aspects (structure, connectivity, and volume); the approach can be considered the guiding ideology to define the detailed indoor levels following a concrete theoretical realization based on extending the UML diagram of CityGML's building model. Moreover, a continuous and seamless full LoD (FLoD) set obtained by combining various OLoDs and ILoDs is subsequently listed to realize the full specification for 3D building models. Furthermore, to demonstrate the proposed specification and prove the applicability of the building model at different LoDs, a practical experiment is conducted.
Introduction
Since the first geographic information system (GIS) was developed in the 1960s [1] , such systems have been widely adopted and popularized in numerous fields, such as heritage preservation, location selection, land management, energy monitoring, and traffic navigation [2] [3] [4] [5] [6] [7] . Therein, GIS application to 3D city modeling has always been a hot research topic during the past decade [8] [9] [10] [11] . However, the research studies have typically focused on outdoor modeling, with the rapid development of computer-network and mobile-telephone technologies, indoor modeling has rapidly gained more interests from researchers and developers worldwide. Indeed, the U.S. Environmental Protection Agency, whose mission is to protect human health and the environment, has reported that 75% of the world's people live in cities, with nearly 90% of their time spent in building interiors [12] .
Different outdoor application scenarios have a range of different requirements and therefore require appropriate representations of buildings; this situation is also equally applicable in indoor situations [13, 14] . Therefore, certain common technologies and concepts of outdoor modeling can be used for the interior, e.g., the level of detail (LoD), which can be traced back to October 1976, when James H. Clark first applied it to a 3D computer graphic [15] . While introduced into the 3D city modeling field, differences arise regarding not only the structure complexity, richness of detail, and amount of data, but also the semantic and topological aspects of the city objects, for addressing more application issues [16] . Geospatial models generally face inherent complexity and diversity; therefore, a systematic and scientific classification methodology is required and must be specified for corresponding modeling schemas and formats [17] .
CityGML is an open geospatial consortium (OGC) encoding standard that was released as version 1.0 in 2008 [18] and as version 2.0 in March 2012 [19] . Five successively refined LoDs, LoD0 to LoD4, are currently distinguished for building models of various geometrical and semantic degrees of accuracy [20] . The coarsest level, LoD0, is essentially a 2.5D representation in which buildings are represented by footprint or roof-edge polygons. LoD1 is generalized as well-known prismatic blocks with vertical walls and flat roofs. In LoD2, the building model has thematically differentiated boundary surfaces and various roof structures, along with additional installations, such as balconies and dormers. Finally, LoD3 denotes the most detailed architectural exterior shell, potentially including openings (doors and windows). Interior structures, such as rooms, furniture, or installations, are appended into LoD4 with the same outer appearances as those of the LoD3 models.
The current LoD definition in CityGML 2.0 has been accepted and applied by stakeholders in both academia and industry for its ease of use and exchange. However, due to the rising variety of applications, the current LoD categorization appears to be insufficient; the major drawback is that this categorization assigns all interior features to only one level, LoD4, which simultaneously requires an elaborate external representation. This approach cannot accommodate increasingly complex indoor applications, which may require interior structures of varying accuracy levels, rather than a packaged whole. When focusing on the indoor environment, the exterior details perhaps become insignificant for they may have little influence on certain analysis results. Hence, an appropriate definition of different complexity levels for indoor data specification, usage, and exchange is urgently required.
In this study, we propose an improved full LoD specification for building models combining indoor and outdoor scenes to meet the requirements of various applications. To achieve this goal, we first strip the LoD4 from the original LoD definition in CityGML and propose an indoor LoD concept for the interiors of 3D building models based on the application domain extension (ADE) mechanism [19] . Then, the connection between indoor and outdoor scenes within the different LoD models is further investigated. To support this research, several relevant advanced ideas are introduced, including two additional international standards, namely, industry foundation classes (IFC) and IndoorGML, and the design concept of the modern architectural interior space. To validate the proposed specification and prove the applicability of the building model at different LoDs, a practical experiment on a building model is also conducted. The remainder of this paper is organized as follows. Section 2 provides our research methodology consisting of the research motivation, the related standards and researches, the design idea, as well as the research route. Section 3 discusses the concrete definition and realization of the indoor LoD division based on the CityGML ADE mechanism. Next, in Section 4, the full LoD specification integrating different indoor and outdoor features in geometry and semantics is suggested. Section 5 illustrates a practical experimental demonstration of a five-story building model. Finally, conclusions and plans for future studies are provided in Section 6.
Research Methodology

Research Background
The current LoD concept of CityGML is no longer sufficiently flexible for the emergence of indoor applications of 3D city models, and multiple attempts have been made to address the issue. Hagedorn et al. proposed four relevant indoor LoDs that are different in their thematic, geometric, topological and visual complexity, and their indoor LoD building model consisted of three components: A thematic model, a geometry model, and a routing model [21] . Isikdag and Zlatanova presented a new building information modeling (BIM)-oriented modeling methodology resulting in the definition of a novel BIM-based model (BO-IDM) dedicated to facilitating indoor navigation [22] . Boeters et al. defined a level of detail LoD2+ by extending the comparably complex indoor building geometries of the CityGML LoD2 specification to the exterior building geometries [23] . A formal and consistent framework was provided by Biljecki et al. to define a discrete and continuous LoD by determining six metrics that constitute this LoD and discussing their quantification and relationships; a series of 10 discrete LoDs, LoD0 to LoD9, implementing the framework were derived as an example [24] . Löwner et al. proposed two new LoD concepts of geometrical level of detail (GLoD) and semantic level of detail (SLoD) that allow a building to be partitioned into an exterior and an interior, each with one or more explicit LoDs of geometrical and semantic aspects [25] . A multi-representation concept (MRC) that enables a user-defined definition of LoDs was presented by Löwner and Gröger for the further definition of the LoD concept [26] . In addition, to evaluate the LoD concepts that were recently proposed in the field of semantic 3D city models, Löwner et al. developed six evaluation criteria that may be highly valuable for defining the profiles of the new LoD concept in CityGML 3.0 [27] .
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Related Standards and Researches
As indoor applications gain popularity, a corresponding model of indoor spatial data becomes increasingly necessary and important among the various commercial software packages or commonweal organizations. In addition to CityGML, several other standards of indoor space have been published, of which industry foundation classes (IFC) and IndoorGML are the most widely accepted.
IFC is a standardized open data model developed by the international organization buildingSMART for BIM information that is exchanged and shared among the various participants in a building-construction or facility-management project to manage complex communication throughout the building life cycle [28] . Therefore, the architectural features defined in the IFC model are relatively complete and include more detailed classes for interior facilities than the CityGML building model. Despite the semantic similarities of CityGML and IFC, the geometry-modeling paradigms are different because of the different points of concern; the building model in the GIS domain is represented by its enclosed observable surfaces, whereas the BIM domain is typically composed of volumetric and parametric primitives. To break the "information isolated island" and promote information exchange, multiple studies in the literatures [29] [30] [31] [32] have been performed in recent years, generally focusing on the conversion or integration between the two standards. Additionally, commercial software products for conversion from IFC to CityGML, such as IfcExplorer and FME (Feature Manipulate Engine), have also contributed to the development of 3D city modeling integration. In this study, we introduce selected indispensable concepts defined in IFC for indoor features, such as a beam, column, stair, and ramp, to fulfill the definition of interior structures of the CityGML building model. Note that there is also a LoD, Level of Development, concept in BIM-which is the reference for AEC practitioners to specify and articulate with a high level of clarity the content and reliability of building information models at various stages in the design and construction process [33] . Although the two concepts have the same abbreviation, they are substantially different. Level of Detail is essentially how much detail is included in the model element, while Level of Development is the degree to which the element's geometry and attached information has been thought through. In other words, Level of Detail could be considered as an input to the element, while Level of Development is a reliable output.
IndoorGML is another OGC standard that provides additional encoding features for indoor spatial information and covers the necessary requirements of indoor applications, such as indoor navigation [34] . While CityGML emphasizes the feature types of building components, such as the roof, ceiling, floor, and wall, the main focus of IndoorGML is to provide classes that describe the primary connectivity relationships in addition to a multi-layered model for the indoor spaces and a data model dedicated to navigation [35] . The space in IndoorGML corresponds to the room defined in CityGML when it is empty. This case represents satisfactory matching between CityGML and IndoorGML, because IndoorGML is not associated with architectural components themselves, but is bounded by the form of the space cells (e.g., rooms and corridors), where objects can be located and navigated [36] [37] [38] . However, the assumption that space cells are empty is not realistic because the furnishing elements inside the building cannot be ignored [35] . Thus, we discuss a new paradigm that supports indoor navigation in a full 3D model with the restrictions of the furniture (e.g., table and bed) and installations (e.g., columns and stairs); the working state (e.g., open and closed) of the transportation facilities is considered simultaneously as well.
Design Idea of Architectural Interior Space
Generally, the concept of "building" is used to refer to the exterior shell of the interior space, which can be further viewed as the container of the indoor features. A perfectly complete building model depends on a realistic appearance and has a suitable interior design. Since the level of exterior detail of the building model has already been delicately defined in CityGML 2.0, this section emphasizes the analysis of its interior scenarios. Here, combing with the design concept of the interior space in the architecture field [39] [40] [41] [42] [43] [44] [45] , we perform a systematic analysis from a semantic perspective that divides the space into three aspects: Structure, connectivity, and volume.
Structure System
As summarized in the IndoorGML standard, the applications of indoor spatial information can be classified into two categories: The management of building components and indoor facilities and the use of indoor space [34] . While the goal of IndoorGML is the usage and localization of (stationary or mobile) features in indoor space, the geometric representation of the architectural components that define the spaces is still the firm precondition of indoor modeling.
The architectural components within the building are extremely rich, both in geometry and semantics. In this topic, we concentrate on the components that can enclose the indoor space. Several elements (including roof, wall, ground, ceiling, floor, door, window and room) are already defined in the CityGML standard; however, two indispensable features used to represent the load-bearing components of the structure, namely, column and beam, should be considered in the indoor modeling. For example, ancient Chinese architecture is characterized by the use of a timber framework, with wooden pillars and beams bearing nearly all the weight of the entire structures and walls and windows used only to separate rooms [46] . Moreover, beams and columns may appear as obstacles in a passageway, corridor, or basement because they narrow or shorten the activity space; this aspect is particularly important in certain emergencies (e.g., a fire disaster) [23] .
Additionally, another vital concept, namely, the story, should be proposed for today's increasingly common high-rise buildings, although these buildings might present a uniform external façade. CityGML currently does not provide a specific concept for the representation of a story; rather, this representation is obtained implicitly via the notion of CityObjectGroups located at a certain height level. In IFC, the structure is smoothly organized by breaking down a building into stories and then into spaces that form a specific story. In this structural system, we suggest that the similar concept of the story in the IFC standard should be adopted explicitly in more indoor applications. In other words, when representing the newly proposed features, the building model should consist of an explicit definition of stories (at least one), with each building story having zero or more spaces related to it.
Connectivity System
Among varieties of 3D indoor academic explorations, route navigation is always a research emphasis and is also the foundation for other further applications, such as emergency response or robot walking. Such navigation is also precisely the motivation and purpose for defining the IndoorGML standard [34] . The basic categories of connectivity modes in route navigation can be derived in two directions: Horizontal and vertical.
Horizontal connectivity can be transformed into navigation in a 2D perspective, based on a floor plan, projection, or other 2D representations of buildings, and has obtained considerable favorable achievements over the years [46] [47] [48] [49] . Analyzing the relevant literature, we find that some common points are that the major research objectives are the discovery of the locations of doors and windows that have been defined in CityGML inheriting the abstract feature _Opening. In IndoorGML, the door and window and the room are classified into navigable cells, and transportation between them is represented as the determination of the connectivity between the cells. However, the size, state and direction of opening of doors and windows have not yet been mentioned in the standards; these aspects are actually also important because they directly influence accessibility when planning a navigation route.
Vertical connectivity appears when the application requirements span multi-story buildings in true 3D scenarios. Different stories can be linked by several connected features, such as a stair, ramp, or elevator (escalator). A stair, sometimes accompanied by a ramp, can be used to represent the connection of two adjacent floors, and an elevator (escalator) can be used to connect two or more floors. Similarly, relevant attributes regarding the traffic capacity should be attached, such as the state of the stair (which might be blocked), and the capacity of the elevator is based on its type (e.g., passenger or luggage elevator). 
Volume System
Space in the model is a virtual (non-existing) element used to represent a closed volume, such as a room or a corridor. Although the space concept has been defined in IFC and IndoorGML, these definitions are different in a concrete interpretation; for example, in IFC, the feature IfcSpace is an area or volume in a building that may span several connected spaces or even other spaces. In IndoorGML, a space is a closed-volume cell bounded by building elements and used for living or work; therefore, the space can be used for navigation. The latter representation paradigm is similar to the Room class in CityGML; accordingly, a Corridor class is extended for a more complete interior space division.
These standards focus on spaces available for navigation in the indoor environment. However, the spaces are idealized as empty boxes at a simplified level with static indoor features (such as furniture or other installations) that typically occupy the spaces being neglected [35] . In fact, indoor features play important roles in certain applications inside buildings, because these features may serve as shelters or obstacles, which should be regarded as constraints when designing routes for indoor navigation. Thus, excluding the space occupied by the features is essential and amounts to extracting the actual free navigable subspace in such a model [23] .
Furniture in the CityGML standard is expressed as the BuildingFurniture class whose geometry may be represented by an explicit geometry or by an implicit geometry object called the implicitGeometry class, in which the geometry of a prototype building furniture is stored only once in a local coordinate system and referenced by other building furniture features. The furniture in the IFC standard is described by the IfcFurnishingElement class, which can be independently simple objects with relatively simple geometries or be complex objects composed of several components with complex geometries. Although the two complex representations are vivid in the context of realistic visualization, high-performance hardware is required, and the presentation effect becomes unsatisfactory when the scene becomes more complex. Therefore, a simplification of the furnishing elements to simple shapes is required to reduce the complexity for space extraction.
Research Route
In order to achieve a continuous and seamless full level-of-detail specification for 3D building models, the indoor and outdoor scenes are dealt with separately and then combined together, as shown in Figure 2 . Drawing lesson from the design concept of indoor space previously discussed, in the present study we synthesize the improved ideas contributed in References [20, [24] [25] [26] [27] [50] [51] [52] [53] and then suggest five relevant continuous indoor LoDs (ILoDs, ILoD0 to ILoD4) that are different in their themes, geometries, and semantic aspects adapted for various application services by absorbing the advantages of two other international standards, IFC and IndoorGML. For a close association with the three standards, several general characteristics are followed in the new ILoDs, such as the feature accuracy and sizes; moreover, the amount of data of the models in the five ILoDs monotonically increases, and route navigation is also supported regardless of an empty or furnished indoor scenario. Since the new concept provides a refined definition for indoor modeling, the CityGML's fifth LoD, LoD4, whose goal is only to perfect LoD3 by adding interior structures, can be replaced; thus, the remaining four LoDs are the pure descriptions of the exterior building, which would be supposed to be more precisely described as outdoor LoDs (OLoDs, OLoD0 to OLoD3). 
LoD Specification for 3D Indoor Models
In this section, we define a continuous LoD specification for 3D indoor models from ILoD0 to ILoD4. It is worth noting that not all components of the indoor model could be represented equally in every ILoD, but an object could be represented simultaneously in different ILoDs by providing distinct geometries for the corresponding ILoDs [19] .
ILoD0
The coarsest model for a building interior is ILoD0, a generalized model that provides an inner shell for indoor space, as shown in Figure 3 . The geometry representing the shell is completely structured by boundary surfaces that have been defined in CityGML 2.0, e.g., CeilingSurface, FloorSurface, and InteriorwallSurface. Additionally, story is often-even nearly always-designed to separate the building to take full advantage of the vertical space; as such, the extended Story class is embodied in this level as a basic component. Indeed, it has been officially proposed that stories for an indoor model should be contained in the forthcoming CityGML version 3.0. 
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ILoD1
In this level, the interior architectural structures with specialized functions or semantic meanings that cannot be moved are permanently attached to the building shell (ILoD0), as shown in Figure 4 . In fact, these structures already exist in the CityGML LoD4 with a generalized class termed IntBuildingInstallation that must be uniquely related to exactly one space object, e.g., a Room or Corridor. Corridor is proposed as a subclass explicitly here for its characteristic of connectivity, which could connect rooms in same story, so is the proposal of the Elevator, which could connect spaces in different stories. To better serve indoor applications, certain common interior features should also be instantiated explicitly. We provide the four typical structural elements of beam, column, stair, ramp, and elevator, which are represented by extensions of Beam, Column, Stair, and Ramp, respectively. Note that this example is given only as a demonstration; certain other indoor installations, such as railing, radiator and pipe, are also crucial in certain specific or professional applications and can be added in the future. As concluded in Section 2, when exchanging the model information between CityGML and IFC, such information is often unidirectional from IFC to CityGML because of the few feature definitions in the latter standard. Thus, if we introduce all the interior structural features of the BIM model into ILoD1, then the bidirectional exchanging puzzle might be addressed in theory. 
ILoD2
In view of the importance of route navigation in indoor applications, we particularly tailor this level, ILoD2, for the features that would influence the connectivity of the interior spaces as in IndoorGML. Despite the existence of two relative classes, Door and Window, which inherit the abstract base class _Opening that semantically and geometrically describe the openings of outer or inner boundary surfaces, such as walls and roofs, these classes are actually less satisfactory regarding the transit of people or flying objects (e.g., unmanned aerial vehicle), because of the lack of attribute information. Consequently, adopting the parts concept proposed in Reference [22] , several properties, isExternal, openMode, and state ( Figure 5 ) are appended to compose the corresponding features. As Door and Window are used for modeling doors and windows not only in the exterior shell of a 
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ILoD3
To date, the interior spaces have been considered empty boxes without any furniture that actually occupies certain interspaces that are not suitable or are even impeditive for indoor activities; thus, in ILoD3, we restore these spaces. However, although the furniture in real life is typically complex and may be useful in the context of realistic visualization, high-performance hardware is required, and the visualization effect becomes unsatisfactory when the scene becomes more complex. Similar confusion exists in nearly all 3D modeling applications and in the building model in CityGML, which uses simple aggregated blocks without any differences in detail to represent the different structural entities of a building in LOD1, and the idea is extended to the indoor features. In other words, the aligned axis bounding box (AABB) approach is adopted as the simplified representation of furniture, as shown in Figure 6 . Additionally, a slight difference with the building model is that the furniture models may not only stand on the floor, but also hang from the ceiling or even be attached to a wall. 
ILoD4
ILoD4, the highest level of accuracy and resolution for the indoor building, is to a certain extent equivalent to the LoD4 defined in CityGML 2.0. This level has the most comprehensive and detailed structures of interior installations and furniture, whose geometry may be given using an explicit geometry bounded by a _BoundarySurface or an implicitGeometry object. This level is beneficial to the virtual accessibility to building models, such as for visitor information in a museum, which is also called location-based services (LBSs). Moreover, for realistic effect, even texture would be attached; the indoor analyses that require more finely detailed geometries and semantics are allowable: For example, the inner space below a table or desk, which would be omitted in their simplified counterpart models, might be sufficiently large for sweeping robots or micro-scale aircraft. 
ILoD3
To date, the interior spaces have been considered empty boxes without any furniture that actually occupies certain interspaces that are not suitable or are even impeditive for indoor activities; thus, in ILoD3, we restore these spaces. However, although the furniture in real life is typically complex and may be useful in the context of realistic visualization, high-performance hardware is required, and the visualization effect becomes unsatisfactory when the scene becomes more complex. Similar confusion exists in nearly all 3D modeling applications and in the building model in CityGML, which uses simple aggregated blocks without any differences in detail to represent the different structural entities of a building in LOD1, and the idea is extended to the indoor features. In other words, the aligned axis bounding box (AABB) approach is adopted as the simplified representation of furniture, as shown in Figure 6 . Additionally, a slight difference with the building model is that the furniture models may not only stand on the floor, but also hang from the ceiling or even be attached to a wall. building, but also between adjacent rooms or corridors, the isExternal property is set to distinguish these features. OpenMode refers to the open mode of the door or window, such as pushing, pulling or rotating, and the direction is another consideration. State represents the current status of the feature, which might be a value list containing opening, closed, blocked, or damaged, for example. With the complementary classes and attributes for opening entities, the connected function for interior spaces becomes more effective and practical. 
ILoD4
ILoD4, the highest level of accuracy and resolution for the indoor building, is to a certain extent equivalent to the LoD4 defined in CityGML 2.0. This level has the most comprehensive and detailed structures of interior installations and furniture, whose geometry may be given using an explicit geometry bounded by a _BoundarySurface or an implicitGeometry object. This level is beneficial to the virtual accessibility to building models, such as for visitor information in a museum, which is also called location-based services (LBSs). Moreover, for realistic effect, even texture would be attached; the indoor analyses that require more finely detailed geometries and semantics are allowable: For example, the inner space below a table or desk, which would be omitted in their simplified counterpart models, might be sufficiently large for sweeping robots or micro-scale aircraft.
Geometrical Representation
Something has to be stated that the difference of each ILoDs is not only on the existence of certain features, but also on the detail degree of their geometrical representations. The characteristic could be shown by taking the stair for example (see Figure 7) , which are more and more detailed from ILoD2 to ILod4. More features could be found in the figures of Table 1 . As for the concrete accuracy requirements for the features in different ILoD, it is considered as a discussion issue which needs to be laid down in further research. Additionally, several attributes, such as iLod1Geometry and iLod3ImplicitGeometry, have also been attached to the classes IntBuildingInstallation and BuildingFurniture to extend the geometrical representation for interior installation and furniture.
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UML Diagram for 3D Indoor Model
Additionally, we develop an extension for indoor scene by appending interior features to the building model of CityGML 2.0 based on its ADE mechanism, and an "inBldg" prefix is used to indicate the new XML namespace associated with these features. According to the existing OGC Best Practice recommendation for modeling ADE in UML proposed by Brink et al. [54] , the extension is processed similarly. That is, we define the to-be-added properties in subclasses in the ADE package rather than the original classes directly, and then suppress these subclasses from the generated XML Schema, in order to comply with UML, ISO 19100 series, and OGC rules. Figure 8 exhibits an example in the ADE of a subclass BuildingFurniture that contains additional properties compared to the equivalent CityGML class and its simplified representation. The revised UML diagram of the building model is demonstrated as Figure 9 (for clarity, the simplified version is adopted, and some original classes and relationships are omitted). 
Geometrical Representation
UML Diagram for 3D Indoor Model
Additionally, we develop an extension for indoor scene by appending interior features to the building model of CityGML 2.0 based on its ADE mechanism, and an "inBldg" prefix is used to indicate the new XML namespace associated with these features. According to the existing OGC Best Practice recommendation for modeling ADE in UML proposed by Brink et al. [54] , the extension is processed similarly. That is, we define the to-be-added properties in subclasses in the ADE package rather than the original classes directly, and then suppress these subclasses from the generated XML Schema, in order to comply with UML, ISO 19100 series, and OGC rules. Figure 8 exhibits an example in the ADE of a subclass BuildingFurniture that contains additional properties compared to the equivalent CityGML class and its simplified representation. The revised UML diagram of the building model is demonstrated as Figure 9 (for clarity, the simplified version is adopted, and some original classes and relationships are omitted). Figure 9 . CityGML ADE mechanism for the interior of the building model (for the full-color version, readers are referred to the electronic version of this paper).
Full LoD Specification for 3D Building Models
To date, the LoD for both the exterior and interior of the building model is defined from various perspectives. As the two aspects are often required simultaneously for many applications, determining how to combine them continuously and seamlessly becomes another problem to be explored. Two potential schemes of integration are shown in Figure 10 , which we call full LoDs (FLoDs).
Scheme one: FLoDs = OLoDs + ILoDs. The "+" operator here means that the ILoDs are appended to the OLoDs into a longer level sequence (the length is nine: Four OLoDs, plus five ILoDs). The alteration is substantially equivalent to subdividing the CityGML's LoD4 into more detailed levels that follow the rules and characters of 
To date, the LoD for both the exterior and interior of the building model is defined from various perspectives. As the two aspects are often required simultaneously for many applications, determining how to combine them continuously and seamlessly becomes another problem to be explored. Two potential schemes of integration are shown in Figure 10 , which we call full LoDs (FLoDs). CityGML 2.0 standards for either geometry or semantics; therefore, the definition remains consistent. Unfortunately, the strong coupling of the exterior and interior of the building model remains unresolved because OLoD3 is also inherited; that is, the last interior level models cannot be used independently unless they are surrounded with the finest exterior shell; thus, the scheme is not an ideal solution. Apart from the integrated geometrical expression, we also investigate the corresponding semantic extensions, as shown in Table 2 . In CityGML 2.0, only RoofSurface, WallSurface, GroundSurface, OuterCeilingSurface, OuterFloorSurface, and ClosureSurface as subclasses of _BoundarySurface are allowed to be used starting from LoD2. In other words, substantially no concrete semantics exist in the LoD1 block model, whereas in the indoor scenario, some concepts are of relative importance, e.g., CeilingSurface, FloorSurface, and InteriorWallSurface. In addition, to better serve the integration progress, several important points must be explained further to avoid modeling confusion. Scheme one: FLoDs = OLoDs + ILoDs. The "+" operator here means that the ILoDs are appended to the OLoDs into a longer level sequence (the length is nine: Four OLoDs, plus five ILoDs). The alteration is substantially equivalent to subdividing the CityGML's LoD4 into more detailed levels that follow the rules and characters of CityGML 2.0 standards for either geometry or semantics; therefore, the definition remains consistent. Unfortunately, the strong coupling of the exterior and interior of the building model remains unresolved because OLoD3 is also inherited; that is, the last interior level models cannot be used independently unless they are surrounded with the finest exterior shell; thus, the scheme is not an ideal solution.
Apart from the integrated geometrical expression, we also investigate the corresponding semantic extensions, as shown in Table 2 . In CityGML 2.0, only RoofSurface, WallSurface, GroundSurface, OuterCeilingSurface, OuterFloorSurface, and ClosureSurface as subclasses of _BoundarySurface are allowed to be used starting from LoD2. In other words, substantially no concrete semantics exist in the LoD1 block model, whereas in the indoor scenario, some concepts are of relative importance, e.g., CeilingSurface, FloorSurface, and InteriorWallSurface. In addition, to better serve the integration progress, several important points must be explained further to avoid modeling confusion.
• Backward compatibility. Backward compatibility is a most important point that the developers or organizers must first consider when extending or upgrading a model. Since FLoD is proposed as a suggestion for the next CityGML version, this concept should be compatible with the five LoDs in CityGML 2.0. Table 1 indicates that the FLoD3-4 model is essentially the same as the original LoD4 model, which has both the semantically richest and geometric-topologically soundest exterior and interior. In contrast, the other four LoDs cannot directly be obtained in the FLoDs series, because the models represented in the table all have been combined with various detailed level interiors; however, these LoDs could easily be derived after a simple separation operation deleting or hiding the interior features, such as the InteriorWallSurface or the Story. Alternatively, we can consider the OLoDs to be the special models that come equipped with a null interior.
• FLoD0 (OLoD0 * ILoDs). A minor enhancement in representing the LoD0 model may arise when considering the building interior. In CityGML 2.0, the LoD0 building model can be represented by horizontal surfaces of the footprint or the roof edge. In FLoD0, another two horizontal surfaces are added, CeilingSurface and FloorSurface, which can approximately outline the height of a room or story. For a similar purpose, the projection of vertical features (e.g., wall and door) on the floor could optionally be kept to divide various indoor spaces into subspaces, such as rooms or corridors. Moreover, another character of FLoD0 is that the furniture and installations attached to the vertical features need not be represented because of the absence of attachments.
• Structure and connectivity. The structure and connectivity of certain features are treated as two different levels from the view of their functionality when classifying interior details such as door, window and stair. As an international standard, CityGML 2.0 is inclined to provide the basic-features class with few attributes to leave more space for industries to expand to higher applicable models. By this token, most features in the standard contribute their structural value in the modeling progress only. Because the connectivity of the interior spaces of building is of utmost importance for other indoor applications, it is strongly recommended to extend several classes or attributes relating to the accessibility of the rooms, corridors, or stories. As a result, some features need to embody their rough structures in ILoD1 only, and more details and states in ILoD2, for example, stair, could even be replaced by a ramp if only the overall interior structure of a building is relevant.
•
Outdoor and indoor characteristics. Although the OLoD and ILoD are defined at two perspectives, the door and window retain distinct functions, as previously mentioned. In CityGML 2.0, the openings can exist in LoD3 and LoD4 models only, whereas in our proposal for indoor scenarios, the door and window are the vital structures and connections. Thus, when integrating the exterior and interior, a distinction should be made, and the isExternal attribute may solve the contradiction. This attribute allows the model with a completely closed exterior and connected interior to become possible; this model is applicable to those applications more concerned about the interior space rather than the exterior appearance of the building model. 
Experimental Demonstrations
Note that any refinements and improvements to the current specification of the proposed concept are not intended to disrupt the pre-existing standard or generate a new theory; rather, these modifications are intended to provide a supplementary specification that has already been under consideration in the CityGML community for the new version to facilitate further research on building simulations and applications.
To better understand the proposed specification, an experimental demonstration on a building model, which has five stories and the internal structure of each story is similar, is provided in this section. The model data is illustrated in the CityGML software, named FME Data Inspector 2016, as shown in the following figures. Figure 11 presents an overview of the model data, the left side of the viewer is the hierarchical tree of the building components, while the right side display the 3D model related to the selected items on the left. Just like the display result in Figure 12a , only the first story and fifth story, as well as the connected stairs are selected. We could also clearly see the frame structure consisted by beams and columns of the building model from 
To better understand the proposed specification, an experimental demonstration on a building model, which has five stories and the internal structure of each story is similar, is provided in this section. The model data is illustrated in the CityGML software, named FME Data Inspector 2016, as shown in the following figures. Figure 11 presents an overview of the model data, the left side of the viewer is the hierarchical tree of the building components, while the right side display the 3D model related to the selected items on the left. Just like the display result in Figure 12a , only the first story and fifth story, as well as the connected stairs are selected. We could also clearly see the frame structure consisted by beams and columns of the building model from Figure 12b . Two representations for the interior furniture of ILoD3 and ILod4 are respectively presented in Figure 12c and Figure 12d . 
Conclusions and Future Work
The main objective of our study is to develop a full LoD specification for 3D building models integrating indoor and outdoor scenarios. The contributions of the proposed model to the existing body of knowledge could be summed up into twofold. The first is to make up the narrow LoD definition drawback for indoor space of CityGML 2.0 by putting forward a novel indoor LoD specification from a less detailed to a refined description. Second, based on the newly proposed indoor and outdoor LoDs, we suggest a greater set of continuous and seamless full LoDs for 3D building models from both geometrical and semantical perspectives to adapt to the different visual or analytical requirements of various applications.
The extended specification is simple and understandable because of its consistent driving motivation, organizational principle, and ultimate goal along with the use of the well-known LoD definition in CityGML 2.0. By filling the gap of the detailed interior levels of a building model, the ambiguity of exchange or transformation between data collectors, processors, and users in both outdoor and indoor modeling fields, particularly those applications that feature a relatively detailed emphasis on certain aspects of building models, can be effectively addressed. Additionally, rather than extending a series of rigid interior features, we tend more to provide an idea concept for indoor hierarchical modeling that might be a useful inspiration for the next CityGML version. For example, in the lighting application field, pipeline and lamp facilities correspond to the foundational structures that should be represented in ILoD1 for any other further analyses; e.g., the evaluation of light transmittance involving doors and windows is included in ILoD2, and the shadow calculation hindered by indoor furniture is included in ILoD3 or ILoD4.
Several aspects of the whole LoD definition process remain that could be improved; foremost among those is an optimized simplification algorithm for indoor furniture and installations that could offer better utility with a small amount of data and certain geometric characteristics rather than the current oversimplified bounding-box approach. Furthermore, we plan to also explore related research studies in the future, such as the establishment of topology relationship, data acquisition from the BIM model, volume calculation using the voxel algorithm, and indoor idiographic applications based on appropriate improved LoD models.
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